A 20-week bench-scale study was conducted by Golder Associates to determine whether passive treatment could effectively remove weak and dissociable (WAD) cyanide and NO3 from the drain down solution emanating from a decommissioned gold heap leach pad. An anaerobic treatment scenario was chosen and three different substrates were chosen. Limestone at 10% by weight was in all three reactors, two of the reactors had between 80 and 90% hay/straw, and a third reactor had 45% hay/straw and 45 % potato mash. These are local agricultural products and by-products. Because the historic concentration of nitrate-N ranged from 142 to 297 mg/L, the flow rate into the reactors was based on the hydraulic retention time needed to remove nitrate-N down to 10 mg/L, and this was determined to be 20 days. All three substrates were effective at removing WAD cyanide and nitrate-N to below 0.04 mg/L and 1.0 mg/L, respectively. In the effluents, other constituents that could be the products of cyanide and nitrate-N degradation were analyzed and only ammonia-N was detected at concentrations from 5 to 10 mg/L. The most recent regulatory reference value has been set at 10 mg/L N for the total N in all nitrogen species. Under this monitoring requirement, the sum of nitrate-N and ammonia-N would be below the 10 mg/L N reference value.
Introduction
Anaerobic bioreactors are becoming a routine water treatment method for low flows of mining influenced water (MIW). In particular, sulfate-reducing bioreactors (SRBs) have been found to be effective in the removal of heavy metals from acid rock drainage (ARD) (Gusek and Wildeman, 2002) . Furthermore, bioreactors have been used to treat NO3 -in water that has been contaminated with blasting powder (Harrington et al., 1999) , and from water contaminated with agricultural fertilizers (Blowes et al., 1994) . Before SRBs were developed, Mudder et al. (1985) proposed to use anaerobic microbes to treat the drain down residual solution emanating from a cyanide heapleach pad. This paper describes a bench-scale study to determine the feasibility of removing WAD cyanide and other nitrogen containing constituents from the drain down solution (DDS) of a heap leach pad that has been rinsed to eliminate most of the cyanide species.
Within the categories of MIW, this DDS can be classified as marginal water. The cyanide rinsing has eliminated most of the cyanide species including those cyanide complexes that were carrying metals such as Cu and Fe. As seen in Table 1 , the pH is slightly alkaline and there is carbonate alkalinity in the DDS. Table 1 contains the historic concentrations of the important constituents of concern (COCs) and other constituents that are important to monitor so that the fate of COCs can be determined.
Over the last decade, Newmont Metallurgical Services (NMS) has developed an analytical protocol for cyanide species that not only has lowered the detection limits but also has targeted other nitrogen and sulfur species that may be products of cyanide degradation or react to consume cyanide (Bucknam et al., 2012) . The use of this advanced analytical protocol is important to the objectives of this study, which are to determine whether the cyanide and nitrogen COCs such as NO3 -contained in the DDS can be degraded to below the regulatory reference values and to determine whether the products of degradation will not add to exceed the general regulatory reference value of 10 mg/L N for the total N in all nitrogen species. As seen in Table 1 , nitrogen species such as NH3, cyanate and thiocyanate are contained in the DDS at low concentrations, and their increase could cause the effluent water to exceed the 10 mg/L N for the total N in all nitrogen species reference value. 
Experimental Considerations

Design Considerations
From Table 1 , it is clear that the concentration of nitrate in the DDS controls the design and operation of any treatment system. Denitrification is a microbial facilitated process of NO3 -removal that ultimately produces molecular nitrogen through a series of reduction reactions. The necessary conditions for denitrification to develop in a passive system include:
• Presence of a microbial population of denitrifiers;
• Presence of NO3 -and an absence of oxygen (anaerobic conditions); and
• Presence of a nitrate-reducing electron donor (organic material). (Metcalf and Eddy, 2003) . This implies that a passive treatment system whose primary function is to reduce NO3 -might require extra organic matter in the substrate. Furthermore, all this extra cell production typically results in the formation of gelatinous material in the reactor, and this has been observed to obstruct the hydraulic conductivity and permeability of the cell. This possibility of extra cell production is the reason why spacers were used in one of the three bench-scale reactors.
Typically SRBs are designed for metals removal by the formation of sulfides through sulfate reduction (Gusek and Wildeman, 2002) . Consequently, the inflow is controlled based on the rate of sulfate reduction in the substrate. However, in this study NO3 -is the removal objective. Again, study of the experience from waste water treatment wetlands suggested that the microbial denitrification follows first order kinetics and the removal half-life roughly varies between 1 and 3 days (Kadlec and Knight, 1995) . The concentration of NO3 -is 250 mg/L as N, and the treatment objective is to reduce the concentration to below 10 mg/L as N. This will require 5 half-lives or 5 to 15 days.
Finally, the bioreactor also needs to be designed to remove WAD cyanide. Besides the Mudder et al. (1985) study, there have been at least two studies that have documented that cyanide can be degraded in laboratory and bench-scale studies (Wildeman, et al. 1994; Pinto et al., 2001 , Wildeman et al., 2006 . In these studies, there is no nitrate in the water and reduction of cyanide is associated with sulfate reduction. It may be the case that all of the NO3 -has to be reduced before sulfate will act as an electron acceptor (Libes 1992, Hering and Stumm, 1990) . So, this has to be taken into account in the design of the bioreactor.
Bench-Scale Design
Three bench scale BCRs were designed using 40 L plastic buckets. As shown in Fig. 1 , the BCRs were connected to another 40 L bucket that served as a splitter box. A 200 L plastic drum containing DDS that was collected from the heap leach pad served as a feed tank to the splitter box. The DDS was not stabilized in any way, and none of the nitrogen species changed significantly in concentration during the 8 to 12 weeks the DDS was used. The decision was made to have an up-flow design for the water, with the water carried into the reactor through a perforated pipe that is covered with a layer of pea gravel. An up-flow configuration was chosen so that there would be minimum O2 carried into the reactor and any gases produced by reaction 1 would be swept from the substrate. The BCRs were covered so that they were isolated from the laboratory environment, but no attempt was made to maintain an anaerobic environment above the substrate.
Based on the design considerations discussed in the previous section, flow rate into the BCRs was set by deciding on a hydraulic retention time (HRT) that would be necessary for complete denitrification. This was decided to be 15 days. However, none of the cyanide destruction studies previously cited estimated the rate of cyanide destruction in the bioreactor. Consequently, setting the destruction rate was a guess. With this in mind, the initial HRT was set at 20 days. -and NH3 and 20 mL of substrate from a denitrification system at the Broomfield, CO waste water treatment plant were added in amounts that were less that 1% of the total mass. Finally, in an attempt to use a local source of organic waste, potato skins and mash make up a significant portion of the organic material in BCR-3. Substrates in the BCRs were filled with untreated DDS to determine the porosity of the cells and then were incubated for one week before the inflow was initiated. Using a peristaltic pump, flow was set at 0.43 -0.45 L/min to obtain a 20 day HRT. Shipment of more DDS was delayed and so two weeks of intermittent operation commenced in which DDS flowed to the reactors for 10 hours and then turned off for 14 hours. This was done in an effort to maintain fluid in the reactor to protect the emerging and evolving microbial population.
When a new batch of DDS arrived, 10 weeks of steady state operation were carried out.
Samples of the DDS and effluents were taken each week and sub-samples were preserved in nitric acid for metals analysis, NaOH for analysis of cyanide species, and unpreserved for the anions. In the first phase, the average concentration of nitrate-N and WAD cyanide were 355 and 0.12 mg/L, respectively. When new DDS arrived it was spiked with sodium cyanide so that in the third phase, the 8-week average nitrate-N and WAD cyanide were 383 and 2.43, respectively.
Analytical Considerations
This paper concentrates on the fate of NO3 -and cyanide constituents. Previous studies of NO3 -and cyanide degradation did not give details on the degradation products of these constituents. ) that may react to consume cyanide (Newmont 2009a (Newmont , 2009b (Newmont , 2010 . Table   3 summarizes cyanide species and degradation products that were analyzed, the detection limits, and the reference to the method. 
Results
For the results of the 20-week bench-scale study, the constituent concentrations from week 12 through week 20, when the study was reinitiated on a continuous basis, will be emphasized.
Because the DDS was spiked with sodium cyanide, a better determination of cyanide degradation and the possible products can be assessed. Table 4 
Discussion
First and foremost, Table 4 shows that in all three BCRs NO3 -and WAD cyanide were removed to levels below the treatment goals listed in Table 1 . So, from a regulatory point of view, the bench-scale study was a success. Also, some NH3 was formed, possibly in the destruction of the NO3 -or cyanate but, if the high results from week 12 are eliminated, it stayed below 10 mg/L as N, which is the treatment goal. If there is a difference between the two reactors with just hay and straw and the reactor with potato skins, it is that more NH3 is formed in the reactor with skins. Figure 2 plots the important constituents relative to the fate of NO3 -and cyanide. Note that the concentrations are plotted on a logarithmic scale as mg/L of N, and nitrate is not plotted because the input concentration is so high. Figure 2 shows that the only constituent that is produced in the output from the reactors is NH3. It also shows that total cyanide, cyanate, and thiocyanate are only slightly degraded or show little change. In aging studies of cyanide detoxified tailings slurries, Bucknam et al. (2012) found that in both oxic and anoxic conditions cyanate decomposed to NH3.
In the same study, thiocyanate decomposed in oxic situations but did not decompose in anoxic situations. In the aging study, the oxic experiments ran for 8 weeks, whereas the anoxic studies ran 8 months. It may be that a hydraulic residence time of 20 days is not enough time for anaerobic cyanate decomposition in these BCRs. With regard to the production of NH3, denitrification can occur in two modes. Assimilation of NO3 -makes NH3 for use in cell synthesis, and dissimilating NO3 -reduction makes nitrogen (Metcalf and Eddy, 2003, Kadlec and Knight, 1995) . Thus, it is not surprising that NH3 is produced. Consequently, a primary objective in denitrification is to minimize the production of NH3. In active treatment, great lengths are taken to reduce the NH3 concentration (Metcalf and Eddy, 2003) . In treatment wetlands of waste water, production of NH3 amounts to around 10 % of the denitrification process (Kadlec and Knight, 1995) . Usually, these treatment wetlands are not strictly anaerobic. In these BCRs where an effort was made to maintain anaerobic conditions, production of nitrogen ranged between 2 and 4%. This low production of NH3 is essential to meet the treatment goal of less than 10 mg/L as N of nitrogen compounds. (Ebbs, 2004) . Previous studies on the passive treatment of cyanide did not analyze for possible products (Wildeman et al., 1994 , Pinto et al., 2001 . In the aging studies previously mentioned (Bucknam et al., 2012) when cyanide decomposed under anoxic conditions, there was no change in other species such as NH3, cyanate, and thiocyanate so further studies would have to be done to determine the fate of cyanide degradation in an anaerobic reactor. With regard to total cyanide, there is very little degradation attributed to the strong iron cyanide complexes. In the input, if WAD cyanide is subtracted from the total, this would be the portion of cyanide that is strongly complexed. In Fig. 2 , this WAD cyanide concentration is shown by the gray box atop the input total cyanide column. Doing this subtraction of WAD cyanide from the total reveals that there is little degradation of strongly complexed cyanide. In the aging study under anoxic conditions, strongly complexed cyanide degraded slowly over the course of 8 months (Bucknam et al., 2012) . The aging studies did show that strongly-complexed cyanide degraded completely over 8 weeks under oxic conditions where the slurries were also exposed to sunlight. If a full-scale treatment system is built, it will have an aerobic polishing system, and it will be interesting to see if the strongly complexed cyanide degrades.
In the DDS and the output solutions from the BCRs, (Table 4) there is 2.0 mg/L or more of Fe.
Which should not be present at a pH above 8.0, and the Fe in solution shows only a minor decrease in concentration after going through the BCRs (Stumm and Morgan, 1996) . It is most likely in solution as a cyanide complex Morgan, 1996, Bucknam et al., 2012) . The hexicyano complexes of Fe are the strongest, and take the longest to breakdown. Thus one would think that the ratio of strongly complexed cyanide to Fe would be six. However in Table 4 , investigation of the concentrations of total cyanide and Fe in concentration units of millimol/L shows that the ratio is between 3 and 4. Investigation of the water chemistry of DDS shows that there are no other metals that make strong cyanide complexes (such as Co or Au) in high concentrations. Thus, it is uncertain why the discrepancy in molar ratios between cyanide and Fe occurs, it is possible that iron thiocyanate complexes are also present to account for some of the soluble iron.
Autopsy of the BCRs
After completion of the 20-week study, each of the BCRs were opened and examined, and the following observations were made:
• The Base BCR had gelatinous material on the top layer of the substrate and bio-films throughout including the gravel at the bottom. It appeared that there was mold on the hay.
At the top, there was not a strong sulfide odor, but halfway through the substrate, a strong sulfide smell commenced.
• The Spacer BCR had gelatinous material on the top layer of the substrate and on the spacers. There was bio-film on the hay, which was possibly mold. There was medium odor of sulfide throughout the substrate, and no real segregation of the substrate throughout the reactor.
• The Skins BCR had a thick bio-slime floating on top of the substrate and biofilms on the substrate and rock. Potato skins filled the voids between the hay and the skins were visible in the potato mash. Based on visual observations, there appeared to be a differentiation between the microbes on the top of the substrate compared with the bottom. Closer to the bottom there was definitely a stronger sulfide smell and it appeared there were stratified redox conditions.
Considering that the DDS inflow was from the bottom, it is interesting that the sulfide odor was throughout the substrate or concentrated at the bottom, and there was no stratification of reducing conditions in the Base and Spacer reactors. Apparently, microenvironments are established in the substrate where more reducing conditions allow sulfate reduction. Also, there appears to be an accumulation of the microbial population occurring in all three cells. Because all three BCRs remove COCs equally well, the choice of which configuration is best comes down to the products that are made and the how well the reactor will function in the long term. The Skins reactor does generate more NH3 and biomass. The spacers do not appear to be necessary. So, it appears that the Base substrate would be the best to take to full-scale.
Conclusions
An anaerobic bench-scale study to determine whether NO3 -and cyanide could be removed from a heap leach pad drain-down solution found that even at a nitrate concentration of over 250 mg/L of NO3 -as N, removal could be achieved to below the treatment goal of no more than 10 mg/L as N for all nitrogen species. Of the many nitrogen species that were analyzed, NH3 was the only constituent that was produced. It appears that in a passive anaerobic reactor, less NH3 is produced than in active or passive denitrification processes that involve wastewater. WAD cyanide was completely destroyed in the BCRs and it is not known what the products of anaerobic cyanide destruction are. Strongly complexed cyanide decreases only by minor amounts in the BCRs.
